A rare class of 'super-luminous' supernovae that are about ten or more times more luminous at their peaks than other types of luminous supernovae has recently been found at low to intermediate redshifts.
supernovae evolve slowly and reach high peak luminosities of ∼0.5 -1×10 44 erg s -1 , uncorrected for host galaxy extinction. The peak luminosities correspond to far-ultraviolet absolute AB magnitudes 10, 11 of M peak ∼ -21 mag and thereby rule out all normal supernova subtypes.
SLSNe are the only supernova type that can generate similar peak magnitudes and light curve evolution ( Figure 2 ).
Although active galactic nuclei (AGN), powered by the erratic accretion of material onto supermassive black holes at the centres of galaxies, can produce similar energies, both host galaxies exhibit a single supernova-like outburst, present no activity during the previous two years and have colours that are inconsistent with high redshift AGN, including the eight spectroscopic AGN in our sample. Moreover, the SN 2213-1745 host spectrum does not show signs of AGN activity ( Figure 3) , and although the SN 1000+0216 host spectrum shows narrow Lyα emission, common to high redshift galaxies, no other AGN-associated features are seen. In contrast, the images reveal zero, or very small, separations (projected in the plane of the sky) from their host galaxy centroids (Supplementary Information, section A). We note that our technique is limited to detecting supernovae within the small extent of the high-redshift host galaxies that produces far-ultraviolet flux, and that far-ultraviolet light directly traces regions of high star formation and does not necessarily provide accurate galaxy centroids. Finally, although the ultraviolet-optical afterglows of long-duration gamma ray bursts can achieve luminosities equivalent to, or greater than, the observed events, the bursts typically reach their peak luminosities within a day and quickly decay, 12 usually following a power law of the form t β , with β ∼ -1. This behaviour is inconsistent with the observed slow rise and slow decay of the events discussed here.
Recently, SLSNe have been classified into groups on the basis of their photometric and spectroscopic properties 2 . Those in group SLSN-I show no evidence of hydrogen in their spectra, whereas those in group SLSN-II are rich in hydrogen and include a subset showing signs of interaction with circumstellar material. Finally, those in group SLSN-R have light curves that evolve slowly, powered by the radiative decay of 56 Ni. SLSN-R events are suspected to be pair-instability supernovae; the deaths of stars with initial masses between 140 -260 solar masses [3] [4] [5] . The physics of the pair-instability process has been understood for many years, but the extreme rarity of SLSN-R (∼10 times less frequent than SLSN-I or SLSN-II) has resulted in only one believable recorded event, SN 2007bi 13 , which is well studied up to late times, with a few candidates being followed by ongoing low-redshift surveys.
In Figure 2 , we compare the photometric evolution of the high-redshift supernovae with lower-redshift SLSN data at similar wavelengths. [14] [15] [16] [17] [18] All SLSNe, except for SLSN-R SN 2007bi
which is believed to be powered by ∼4 -7 solar masses of 56 Ni, fade significantly quicker than the two high-redshift events. As far as can be determined from the photometry, the evolution of SN 2213-1745 is consistent with SN 2007bi and, as a result, provides the first far-ultraviolet data for an SLSN-R. The close agreement suggests that SN 2213-1745 may be powered by the radiative decay of a similar amount of synthesised 56 Ni, and, along with an integrated radiated luminosity of ∼10 51 erg, implies a progenitor with an estimated initial mass of ∼250 solar masses. We note that although SN 2213-1745 is shown to follow closely the luminosity evolution of a radiation-hydrodynamics SLSN-R simulation 19 for a progenitor star of similar mass, the observed flux is higher and bluer than the model expectations (Supplementary Information, section C). SN 1000+0216 was observed over a shorter time period than was SN 2213-1745, as a result of time dilation. The range of the light curve sampled suggests a slower rise time than SN 2213-1745 but appears to follow a similar fade rate from peak luminosity to ∼50 d later, restframe, if we assume that the peak occurred during the gap in coverage between the two detection seasons. The peak far-ultraviolet magnitude of SN 1000+0216 may exceed that possible for a pair-instability supernova. As a result, SN 1000+0216 may be an example of a pulsational pair-instability supernova 5 or a SLSN-II similar to the low redshift SN 2006gy 20, 21 , which experience enhanced luminosity as a result of interaction with previously expelled circumstellar material ( Supplementary Information, sections D & F) . The high luminosity of SN 1000+0216 classifies it as a SLSN but, because of its limited photometric coverage and low signal-to-noise host spectrum, its subclassification remains uncertain.
Our programme searches for z 2 supernovae by monitoring the well-studied population of Lyman break galaxies [22] [23] [24] over several well-defined volumes. Because Lyman break galaxies comprise the bulk of galaxies at high redshift, where star formation rates are higher, normal populations of short-lived, massive stars are more common at z 2 than locally. From the specifics of our survey, the two SLSN detections imply a rough volumetric high-redshift rate of a few × 10 . After correcting for the increase in the cosmic star formation rate from low to high redshift, the SLSN rate remains ∼10 times higher than that estimated at lowredshift 1 , but we caution that our rate estimate is poorly constrained because it is derived from only two events. The far-ultraviolet photometry confirms that the two supernovae are strong sources of escaping high-energy photons. However, far-ultraviolet light is highly susceptible to metal-line absorption and local and global dust extinction that may have a greater effect on other high redshift SLSNe and cause them to fall below our detection threshold. As a result, our estimated rate is a lower limit and implies that the discrepancy between low and high redshift may be even greater.
The detection of SLSNe at z > 2 presents the possibility of finding the explosions of Population III stars, the first stars to form after the Big Bang. Population III stars are predicted to exist a redshifts as low as z ∼ 2 (refs 25-28) and have mass distributions skewed towards high masses 6, 7 . On the basis of our late-time spectroscopy, the supernovae presented here are unlikely to be from the first generation stars (Supplementary Information, section E). Deep spectroscopy of future supernovae obtained near maximum brightness, and their use as sightline probes, offers a means to help distinguish which events formed in regions with essentially no enrichment in elements heavier than helium, and thus likely had Population III progenitors. program is supported by the Commonwealth of Australia under the International Science Linkages program. The results presented here are based on observations obtained with MegaPrime/MegaCam, a joint project of CFHT and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT) which is operated by the National Research Council (NRC) of Canada, the Institut National des Sciences de l'Univers of the Centre National de la Recherche Scientifique (CNRS) of France, and the University of Hawaii. This work is based in part on data products produced at TERAPIX and the Canadian Astronomy Data Centre as part of the Canada-France-Hawaii Telescope Legacy Survey, a collaborative project of NRC and CNRS. We used data products from the Canadian Astronomy Data Centre as part of the CFHT Legacy Survey. The spectroscopic data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California and the National Aeronautics and Space Administration. 17 with zero magnitude offset. We note that the SN 2007bi data are based on the known peak magnitude from r-band photometry acquired from just before peak to >300 days after peak. 13 Error bars on all points represent 1σ. (b) Same as (a) but for SN 1000+0216 at z = 3.90. Here, the lower redshift super-luminous supernovae are matched to an estimated peak in the i' filter (1,600Å) which is the only filter that samples the far-ultraviolet continuum of the supernova exclusively. This arbitrary peak for SN 1000+0216 results in a -0.1 to -0.6 mag offset for the lower redshift SLSNe-I and SLSN-II (as in (a), SN 2007bi is not offset). As described in Figure 1 , the g' (1,000Å) and r' (1,300Å) filters partially or completely probe the spectral region of the Lyα forest. The upward arrows indicate that the true flux in these filters is higher than indicated. 
Supplementary Information
Our programme searches deep, yearly stacked images for far-ultraviolet (FUV) luminous supernovae by comparing the year-to-year restframe FUV flux of z > 2 Lyman break galaxies (LBGs). The bulk of all FUV-luminous supernovae observed to date are type IIn supernovae and, more recently, a class of super-luminous supernovae (SLSNe) in which both are believed to result from the deaths of massive stars. Type IIn supernovae are defined by the narrow emission features in their spectra. Interaction with dense, circumstellar material results in longlived, extremely luminous, narrow emission lines that typically remain strong for ∼1 -2·(1+z) years after outburst. As a result, we follow-up supernova candidates with deep spectroscopy to identify the host galaxy redshifts and to search for late-time supernova emission.
A Observations
Photometry We use high-quality (seeing FWHM <0.75 arcsec) images of the Canada-France- are searched for supernova-like events and consist of multiple frames taken per night over ∼25 -30 nights during ∼6 month seasons in which the fields are observable. We focus on the g'r'i' yearly stacked images because of their superior depth and even cadence as compared to the u * and z'-bands. In addition, the Lyman limit is redshifted to the u * and g' bands for z ∼ 3 and z ∼ 4 objects, respectively, and results in weak to essentially no observable flux depending on object redshift.
The rise and decay times for typical FUV luminous supernovae at z ∼ 2 -4 are such that, including time dilation, they are only detectable in the integrated flux for a single ∼6 month observing season (or yearly stacked image). The supernovae fade sufficiently to evade detection in the following observing season due, in part, to the ∼6 months gap between observations.
The intense luminosity and slow rise and decay of SLSNe, however, result in high redshift detections that can straddle two (or three) observing seasons. The integrated yearly host galaxy magnitudes for SN2213-1745 and SN1000+0216 and supernova magnitudes from the nightly stacked images obtained over four years are shown in Spectroscopy Spectroscopic observations for SN2213-1745 and its host LBG were acquired on 03 September 2010 using the dual-arm Low-Resolution Imaging Spectrometer (LRIS) 24, 30 and atmospheric dispersion corrector on the Keck I telescope. The data were obtained using a D560 dichroic and the 400 line mm -1 grism blazed at 3,400Å on the blue arm and the 400 line mm three quarters of the red arm CCD area suspect for scientific use. Although the spectrum was placed on the area of the CCD that was 'good', we consider any result at wavelengths greater than 5,600Å (∼1,850Å, restframe) tentative. The intrinsic luminosity of the SN2213-1745 host LBG afforded a final per pixel signal-to-noise ratio of ∼5 -10. Observations for SN1000+0216 and its host LBG were acquired on 10 March 2011 with LRIS using the D680 dichroic, 300 line mm -1 grism blazed at 5,000Å (blue arm), and 400 line mm -1 grating blazed at 8,500Å (red arm). We obtained 6 × 1,200s exposures using a 1.5 arcsec slit on a multi-object mask under moderate conditions, with ∼1.1 arcsec seeing FWHM and light cirrus. Because no order-blocking filter is available for LRIS on the blue arm to eliminate second-order flux from standard star observations, the flux corrections to the spectrum from ∼6,300 -6,800Å are overcorrected (i.e., weaker than the true value) by a small factor. Both spectra are presented in Figure 3 in the main Letter and the spectrum of SN2213-1745 is reviewed again in Figure F. 1. Here, the offsets appear in the same direction for the three filters again, but this time to the South East. However, the g'-band detection is very weak owing to the effects of the Lyα forest and the Lyman limit.
Supernova location
Taking the separations measured from the images at face value, the two SLSNe appear to reside at, or near, their apparent host centres. The two SLSN host galaxies are more luminous than average LBGs in our sample at the respective redshifts and SLSNe residing near the host nuclei of luminous host galaxies is a topic of discussion for low redshift events 2, 33 . However, we note two important points. Firstly, the image separations are projected separations in the plane of the sky, thus the true three-dimensional separations between the LBGs and supernovae are equivalent to, or larger than, the projected separations. Secondly, the images probe the restframe FUV that traces high star formation regions in the relatively young, high redshift galaxies. Such regions are typically clumpy and may, or may not, occur at the host centre or appear symmetric in intensity about the host centre. Although the supernova centroids are reliable, the host galaxy centroids measured from the images are less so. As a result, the image separations presented here should be considered indicative as opposed to definitive.
B Rates
As discussed in the main Letter, SLSNe are classified into three types, SLSN-I that show no hydrogen, SLSN-II that are hydrogen rich, and SLSN-R that are powered by 56 We search for SLSNe in LBGs over four redshift paths, z ∼ 2, z ∼ 3, z ∼ 4 and z ∼ 5, using standard colour-selection techniques [22] [23] [24] tailored to the CFHTLS Megacam filters. We map the evolution of 10 starforming and passive galaxy templates from z = 0 -6 in various colour-colour planes to efficiently ( 90%) select LBGs at the desired redshifts that are confirmed from >100 LBG spectra acquired specifically for this programme. Relevant to the two discoveries presented here, the colour-selection probes δz ∼ 0.6 at z ∼ 2 and z ∼ 4. Computing the effective area of the images and correcting the redshift paths by the z ∼ 2 and z ∼ 4 photometric selection functions results in volume of ∼6 × 10 The high redshift volumetric rate is estimated by simulating the rapid evolution of SLSN-I and SLSN-II luminosity profiles and slower evolving SLSN-II with interaction and SLSN-R profiles at the two redshifts. We convolve the supernovae with the detectability window functions (that extend beyond the formal four observing seasons) and use the requirement that supernovae need only one season detection. Using the specifics of the survey and the four fields, the one z ∼ 2 detection implies a rough SLSN volumetric rate of ∼4 × 10 Mpc -3 yr -1 . We note that because our supernovae are detected in the FUV, the estimated high redshift rate reflects a lower limit. FUV radiation is highly susceptible to extinction from metalline absorption and dust in the local environment of the supernovae, the interstellar medium of the host galaxies, and the circum-galactic and intergalactic medium. Thus, there may be a significant fraction of SLSNe with escaping FUV flux that falls below our detection threshold.
The rate of core-collapse supernovae closely follows the star formation rate over cosmic time because of the short lifespans of massive stars. The core-collapse supernova rate is expected to increase by a factor of ∼5 from z ∼ 0.3 -2, 34, 35 following the evolution in the cosmic star formation rate, and then remain relatively constant or experience a decline to z ∼ 4. 36, 37 The rate of high-redshift SLSNe based on our two FUV detections, uncorrected for FUV extinction, is an order of magnitude higher than the rate of SLSN at low redshift, after correcting for the expected 5 increase as a result of increases star formation. Our rough high redshift SLSN rate provides the first direct evidence that the number of massive stars in the early Universe may be higher than that observed at low redshift.
C Light curves
To generate the supernova light curves for each filter, we use the technique of point-spread function (PSF) photometry on image subtractions. We first construct a reference image from data where no supernova light is expected (2003 for SN2213-1745 and 2004 for SN1000+0216). The reference image is then subtracted from each image where the supernova light is present using a PSF matching technique, removing the host galaxy light and leaving only the supernova light in the difference image. The supernova photometry is then measured with a PSF-fitting technique that uses the PSF measured from nearby field stars. 38 The photometric data are calibrated using a set of tertiary standard stars. 39 The photometry for SN 2213-1745 and SN1000+0216 is listed in Tables F.1 
and F.2.
Rise times The photometric data points and the limits imposed by the non-detections in previous seasons indicate ∼50 to >150 day rise time from outburst to peak magnitude for the two supernovae. As an exercise to help narrow the rise time range and possibly shed light on the nature of the supernovae, we first follow a conventional approach and fit low order polynomials to the slowly evolving photometric data. The polynomial fit approach estimates the date of outburst and rise time to peak without any assumptions of the progenitor however, for the CFHTLS seasonal data, has difficulty fitting the evolution over the ∼6 month periods, observed frame, in which the supernovae were not observed. The peak magnitudes are not well constrained within the coverage gaps and it is unclear whether the peak for SN1000+0216 falls within the gap or occurs beyond the extent of the data. As a result, the polynomial fit rise times are rough estimates and defined here as the time for the supernovae to rise 5 magnitudes to peak as determined by the functional fit. Figure C .1 displays the polynomial fits for both supernovae. In addition, because the high redshift supernova data follow the behaviour of low-redshift SLSNe-R (see main Letter), we compare their light curve evolution to pair-instability supernova models.
Polynomial fits
The polynomial fits to the SN2213-1745 g', r', and i' data separately produce very similar results, but the lack of data constraints during rise for the g' data yields a significantly slower rise time (>200 days) for a third order polynomial. Because the r' and i' data follow a similar evolution over the date ranges probed by each filter, the values reported here are those fit to the combined data from the r' and i' filters. The SN2213-1745 r'i' data are fit with third, fourth, and fifth order polynomials and result in rise times of 81, 62, and 64 days, respectively. We note that these rise times are a lower limit to the true value when considering that the observational gap of photometric coverage occurs after these estimated dates of peak magnitude. We adopt an intermediate polynomial fit rise time of 70 days for this supernova. Second and third order polynomial fits to the i' filter data of SN1000+0216 result in rise times of 146 and 129 days, respectively (higher polynomials were unconstrained at early times). Second and third order fits to the g' filter appear identical, with each producing rise times of 134 days. A second order fit to the r' filter produces a rise time of 138 days with the third order fit unconstrained at early times. The g' and r' fits are not shown in Figure C .1 for clarity. If we assume that the true peak magnitude occurs between detection seasons, the non-detection in the previous season places an upper limit on detection to ∼130 days. Otherwise, the rise time is >150 days if the peak occurs beyond the data. Given that the g' and r' filters probe the Lyα forest and are detected at lower significance, we focus on the fits to the i' filter and adopt a polynomial rise time of 129 days.
Pair-instability supernova models Stars with masses between 140 -260 M ⊙ are theorised to end their lives as pair-instability supernovae (PISNe). [4] [5] [6] The high temperatures and relatively low densities that develop in the cores of such massive stars promote electron-positron pair production. The rapid conversion of pressure-supporting radiation into rest-mass in such a core leads to a hydrostatic instability that can trigger a run-away nuclear explosion that completely obliterates the star. PISNe produce peak energies of 10 44 erg and exhibit a slow light curve evolution consistent with the radiative decay of 56 Ni. Because this behaviour is similar to that of our high redshift SLSNe, we compare their FUV evolution to that of radiative hydrodynamics PISN simulations. 19 We find that 150 -250 M ⊙ low-metallicity stellar models that retain their hydrogen envelopes (blue and red supergiant models) evolve too slowly to peak luminosity ( 200 days) and/or have too low FUV energies to provide a reasonable fit to the data. We note that we cannot Because the g' and r' filters probe the Lyα forest and are subject to significant absorption by gas from lower redshift systems in the line of sight (the true flux is higher as denoted by the upward arrows), the model is averaged over the restframe continuum near 1600Å as sampled by the observed i' bandpass. The supernovae appear to follow the far-ultraviolet evolution of the model well, however the higher luminosity of the data may point to either model limitations or a different (or additional) luminosity mechanism.
rule out the more luminous supergiant models for SN1000+0216 if the peak occurs beyond the extent of the data. We find good fits to a 130 M ⊙ bare helium core model that follows the evolution of progenitor star with an initial mass of ∼250 M ⊙ with its outer envelope, consisting largely of hydrogen, removed from binary mass exchange or stellar evolutionary processes.
The evolution of SN2213-1745 follows the form of the bare helium core model well, as seen in Figure C .2, and does so for the model integrated over each of the restframe wavelength ranges that corresponding to the the g',r', and i' filters; 1600Å ±240 (g'), 2060Å ±200 (r'), and 2550Å ±250 (i'). The model suggests a rise time of ∼105 days, however, the supernova is more luminous than expected by a factor of 2.8, 1.9, and 0.7 for the g',r', and i' filters, respectively. Although the model is the state-of-the-art for PISN simulations, it remains less well constrained in the FUV. The higher luminosity and bluer colour of SN2213-1745 may be a result of higher photospheric explosion temperatures and/or simulation limitations. The model resolution for the shorter wavelengths probed by SN1000+0216 data is more limited. We integrate the model over the longer wavelengths probed by the i' filter, 1600Å ±150, that samples the supernova continuum and avoids the effects from the Lyα forest and Lyman limit. We find that SN1000+0216 appears to follow the evolution of the model reasonably well, peaking at ∼95 days after outburst, but it is ∼2 mag more luminous.
From the PISN model, a low-order polynomial fit to the data, and the constraints set by the previous season non-detections, we estimate a 75 -125 day rise time from outburst to peak magnitude for SN2213-1745 and 95 -130 days for SN1000+0216.
D Nature of the High-Redshift Super-luminous Supernovae
In an attempt to understand the nature of the high redshift SLSNe, it is important to keep in mind that the light curves of the supernovae do not match the quicker fade rates of SLSN-I or SLSN-II at low and intermediate redshift (cf. Figure 2 , main Letter). Moreover, our SLSNe are observed in the FUV where the fade rates are expected to evolve quicker than the near-UV and optical. Instead, the evolution of the two high redshift supernovae provide a good match to that of SLSN-R and the 0.0098 mag day -1 decay rate of 56 Co (daughter product of 56 Ni) out to the extent in which light curves are sampled. We find that the observed high FUV luminosities may push the supernovae beyond the energies possible for the PISN interpretation of SLSN-R as estimated by the bare helium core model discussed in the previous section, in particular for SN1000+0216. A possible alternative and/or additional source for late-time emission is the interaction of the supernovae with previously expelled circumstellar material ( §F).
One plausible interpretation for the high redshift SLSNe is that they are examples of pulsational pair supernovae. Stars in the mass range ∼80 -150 M ⊙ , depending on rotation rate, metallicity, and other parameters, may experience pulsational pair instability and fail to completely explode on their first try. 40 During the evolution of a star this massive, the core becomes pair-instable and the explosion ejects many solar masses of outer envelope material but the energy is insufficient to unbind the star. The core stabilises again, contracts, and grows hotter. A subsequent pair-instability pulsation drives off additional material at higher velocities than the first ejection that collides with the originally expelled material, leading to an extremely luminous event 19 . The expected higher rate of pulsational pair-instability supernovae as compared to PISNe is more consistent with our rough rate estimate, given the acceptable mass range of each population, however, such events do not generate the large amounts of 56 Ni needed to power the observed late-time luminosity. Similar to type IIn supernovae, collision of shells of material could, in principle, provide an additional late-time luminosity contribution and generate shock-induced emission that persists to late times. Evidence for long-lived circumstellar interaction-induced emission features can be detected in deep, late-time FUV spectroscopy in some cases and is discussed in §F. , that ignores the effect of dust. 36, 41 The host was densely monitored photometrically for four observing seasons and generated a single supernova-like outburst. The host spectrum shows features that are representative of typical LBGs, including a strong Lyα absorption feature similar to that seen in ∼25% of the LBG population, and no features typically attributed to AGN. An LBG composite template gives a very good fit to the spectrum as seen in Figure F Figure A. 2) has a similar apparent magnitude, m r ′ = 23.8, and is also a colourselected z ∼ 2 LBG. The spectroscopic observations for the SN2213-1745 were executed such that the longslit was oriented to simultaneously obtain the flux from the nearby object. The observations were done without loss of wavelength-dependent flux, which could occur if the orientation of the two objects is not optimal with the parallactic angle, because the atmospheric dispersion corrector on LRIS was deployed. The spectroscopy confirms the object as an LBG with redshift z = 2.0455 ±0.0008. Inspection of the flux contours of the CFHTLS images reveals diffuse flux extending to the East of the two LBGs similar to the appearance of tidal tails, providing evidence that the two galaxies are interacting. Galaxy interactions induce the collapse of cold gas and trigger star formation in galaxies and associated gas clouds. [42] [43] [44] The star forming episodes that result from interactions increase the chance of observing the deaths of short-lived very massive stars.
SN1000+0216
The host to SN1000+0216 is a luminous, M FUV = -21.2, z ∼ 4 LBG. Using the SFR relationship above, the similar FUV luminosity to SN2213-1745 (derived from the observed i'-band magnitude, restframe ∼1600Å at z ∼ 4, similarly produces a FUV SFR of ∼20 M ⊙ yr -1 . The host exhibited a single supernova-like outburst over the four years monitored and we see narrow Lyα in emission that is common to 50% of the LBG population, and no associated emission attributable to AGN activity. Finally, there is no clear evidence for galaxy interaction as there is for the host of SN2213-1745. We note that the depth and resolution of the data are not sensitive to late stages of interaction, interactions with minor companions (approximately 5:1 or less mass) which are more common, or interaction with companions that are not currently undergoing starbursts (e.g., on their first pass) and thus do not produce strong FUV flux as is witnessed for low-redshift LBG analogues. [45] [46] [47] SLSNe-R and Population III star hosts Theory states that massive stars form more easily in regions of low-metallicity whereas Population III stars form in regions of essentially zero metallicity. At low redshift, the environments that best suit the necessary conditions for massive star formation may be low-luminosity, low-metallicity star forming dwarf galaxies. Indeed, lowredshift SLSNe, including SLSNe-R, are found in star forming galaxies with luminosities -16 < M < -21, with two luminous exceptions, SCP 06F6 and SN 2006gy. 48 In addition, the hosts have relatively low metallicities (where measured) and high specific star formation rates (star formation rate per unit galaxy stellar mass). The low-redshift SLSN-R SN 2007bi was detected in a faint (M B = -16), star forming host galaxy 13 with estimated low metallicity (∼ 0.3 solar) 17 .
Our high-redshift supernova hosts are star forming galaxies residing at the luminous end of the low-redshift SLSN host galaxy luminosity distribution. 48 We remark that our survey is not sensitive to host galaxies with M FUV -19.5, but a search for high redshift 'orphan' supernovae, events whose host galaxy is below the detection threshold of the survey, is in progress. Our FUV data alone do not provide reliable metallicities for our supernova hosts but the typical metallicities of LBGs measured using infrared (restframe optical) spectroscopic diagnostics are low, ∼0.5 -0.1 solar. 47 Finally, the two high redshift supernova hosts have high specific star formation rates which is a ubiquitous feature of the LBG population. Thus, the low metallicities and high specific star formation rates are consistent with low redshift SLSN-R hosts, but the relatively high luminosities of the high-redshift host galaxies would seem at odds with that of SN 2007bi. However, it is unlikely that the potential low-redshift preference for faint SLSN-R hosts similarly holds at high redshift where typical galaxies have low-metallicities and high star formation rates, thus higher intrinsic luminosities.
The many ISM metal absorption lines in our deep spectra reveal that the globally averaged metallicity of the high redshift supernova host galaxies is not primordial. Consequently, in order for the supernovae to be Population III stars, they would need to have formed in pockets of pristine gas. This could occur either within the galaxies (e.g., the enrichment of metals in the galaxies is clumpy), in the low metallicity environment of the galaxy haloes, or in subhaloe galaxies or line-of-sight gas clouds in the host vicinity. Finally, we note the possibility for SLSNe to form as a result of a collision of two stars in young, dense star clusters in the host galaxies. 49 The clumpy star forming nature of LBGs could provide a environment that is conducive to stellar collisions, although this type of event is predicted to be ∼100 times more rare than our estimated rate.
F Supernova late-time emission
As discussed above, the interaction of circumstellar material may be a mechanism to contribute to the luminosity of SLSNe. One example is SN 2006gy, a SLSN-II at low redshift, that exhibited circumstellar interaction and may be an example of a pulsational pair-instability event. 40 Such interactions may produce FUV emission features that are similar to the long-lived features observed in local type IIn supernovae. 50, 51 Our survey for FUV-luminous supernovae at high redshift has detected type IIn-like emission features in several of our confirmed z 2 supernova spectra. In this section, we outline our approach to search for late-time emission in high redshift supernova spectra.
LBGs exhibit a prominent Lyα feature observed in absorption, emission, or a combination of both. Apart, from Lyα, LBGs show no significant emission lines over the wavelengths studied other than weak HeII 1,640Å and CIII] 1,909Å that appear in some spectra. Our approach is to investigate any excess emission features in our LBG hosts, particularly at atomic transitions seen in low-redshift FUV supernova spectra that exhibit late-time circumstellar interaction. Features include Lyα 1,216Å, NV 1,240Å, OI 1,358Å, OIV 1,400Å, NIV] 1,486Å, excess CIV 1,550Å, NIII 1,753Å, SiII 1,808Å, NeIII] 1,815Å, SiIII] 1,883Å, and excess CIII] 1,909Å. An important consideration is that the peaks of many circumstellar interaction emission features in low-redshift spectra are blueshifted by ∼1000 -4000 km s -1 and can appear relatively broad. Moreover, because the high redshift spectra include the entire flux from the host, any supernova features are affected by interstellar medium absorption features of the host that can significantly alter the final observed profile. This differs from low redshift where the host galaxy contamination in supernova spectra is small. Our programme includes future spectroscopy of host galaxies having candidate supernova emission to confirm or refute any potential detections by the decay, disappearance, or continued presence of the lines.
In an effort to isolate potential late-time supernova emission, we subtract matched composite spectra from the host galaxies. The composite spectra are constructed from 200 z ∼ 3 LBGs selected based on the observed relationships between Lyα equivalent width, FUV continuum, and ISM absorption line profiles 52 . As seen in Figure F .1, the composite spectrum provides an excellent fit to the relatively high signal-to-noise ratio continuum and prominent features of the host galaxy to SN2213-1745. We note that several absorption features are seen in the data, that are not seen in the template, that result from metal line absorption from lower redshift systems in the line of sight. These features are also seen in the difference spectrum shown as the green curve with white fill in the figure. Although additional absorption features are expected, additional emission features are not.
The SN2213-1745 host galaxy exhibits strong Lyα absorption, similar to that seen in ∼25% of the LBG population, and little evidence for hydrogen emission from the supernova that would classify this event as a SLSN-II. Although the host LBG might absorb a significant fraction of the Lyα emission, the expected broad nature of the feature as seen in low-redshift type IIn supernova spectra would predict a leakage of measurable fraction of emission given the expected clumpy distribution of neutral hydrogen in the host. The lack of Lyα emission provides spectroscopic evidence against a SLSN-II classification, independent of the mismatch between the light curve evolution of low redshift SLSN-II and SN2213-1745, and further supporting a SLSN-R interpretation.
The SN 1000+0216 host galaxy exhibits Lyα in emission, common to 50% of the LBG population (see Figure 3 , main Letter). The lower signal-to-noise ratio and fluxing caveats ( §A) of the existing data does not allow a similar difference spectrum analysis to that of SN2213-1745. As a result, it is currently unclear whether any excess emission from the supernova is present in the form of a contribution to the Lyα feature or other FUV emission lines typical of circumstellar interaction. Additional spectroscopy of SN1000+0216 and future spectroscopy (>3 years post-detection, restframe) of both supernovae will enable a more comprehensive late-time emission analysis. The host galaxy error array is shown as the thin red curve and thick vertical (yellow) lines mark the positions of bright night sky lines. The difference spectrum, after the subtraction of the composite spectrum from the data, is shown as the (green) curve near zero with white fill. As noted in the text, additional absorption features in the difference spectrum is expected as a result of lower redshift systems in the line of sight, but additional emission features are not. The lower signal-to-noise ratio and fluxing caveats (see text) of the existing SN1000+0216 data does not enable a similar difference spectrum analysis.
